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Estrogen and progesterone regulate a, b, and cENaC subunit
mRNA levels in female rat kidney.
Background. Estrogen and progesterone regulate a, b , and
c amiloride-sensitive epithelial sodium channel (ENaC) sub-
unit mRNA levels in female rat kidney. Renal Na+ handling
differs between males and females. Further, within females
Na+ metabolism changes during the menstrual cycle and preg-
nancy. Electrolyte homeostasis and extracellular fluid volume
are maintained primarily by regulated transport of Na+ via the
amiloride-sensitive Na+ channel. This study examines the role
of the female gender steroids in the regulation of expression of
ENaC.
Methods. We measured ENaC subunit mRNA levels in rat
kidney using Northern blotting. Kidneys were taken from male
and females at different ages and from adult ovariectomized rats
treated with 17-b-estradiol benzoate (estrogen) and/or proges-
terone for 8 or 24 hours.
Results. The abundance of a, b , and cENaC mRNA was sig-
nificantly higher in female compared to male rat kidneys from
10 weeks of age (P = 0.001, P = 0.004, and P = 0.02, N = 10, re-
spectively). These differences were abolished in ovariectomized
rats. Treatment of ovariectomized rats with estrogen increased
aENaC mRNA abundance in the kidney at both 8 and 24 hours
(P < 0.05, N = 6; and P < 0.05, N = 7, respectively). Proges-
terone inhibited the effect of estrogen on aENaC mRNA at
8 hours but when given alone increased cENaC mRNA (P <
0.05, N = 3). Neither hormone, alone or in combination, had
any significant effect on bENaC mRNA levels at 8 or 24 hours.
Conclusion. Female gonadal steroids differentially modulate
expression of ENaC subunit mRNA in the rat kidney.
The kidney is central to the maintenance of electrolyte
homeostasis and extracellular fluid volume. Regulated
vectorial transport of Na+ ions and water from the lumen
of the distal nephron is a critical mechanism by which
homeostasis is maintained (for review see [1]).
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The amiloride-sensitive epithelial sodium channel
(ENaC), is principally located in the cells of the distal
convoluted tubule, connecting tubule and cortical collect-
ing duct (CCD) of the mammalian kidney [2–4]. Studies
have shown that its activity is the rate-limiting step in
Na+ reabsorption in the rabbit CCD [5]. Abnormalities
that increase ENaC activity have been shown to lead to
increased Na+ uptake, fluid retention and hypertension
(e.g., Liddle’s syndrome) [6], whereas those that decrease
channel activity can result in salt wasting and hypotension
(e.g., pseudohypoaldosteronism type I) [7].
Na+ transport is dependent on both the number of
ENaC channels located at the membrane of the epithelial
cell and the rate at which Na+ can be transported through
the channel. In the kidney, ENaC activity is modulated
by a number of hormones. Aldosterone, vasopressin, in-
sulin, and catecholamines can induce a rapid increase in
Na+ transport via changes in cellular localization of sub-
units and a rise in ENaC channel density at the cell mem-
brane [8, 9]. These effects are mediated by a number of
second messengers, including Serum and glucocorticoid-
induced kinase 1 (SGK), cyclic adenosine monophos-
phate (cAMP), and inositol-1,4,5 triphosphate (IP3) [8,
10–13]. In contrast, adrenaline has been shown to modu-
late vasopressin action upon Na+ transport by inhibiting
vasopressin-dependent cAMP production in the rat CCD
via a G- protein mechanism [14].
Several of the hormones described above also have
genomic effects that modulate the level of mRNA en-
coding the ENaC subunits and change cellular expres-
sion patterns [9]. The ENaC channel comprises three
subunits a, b , and c [15] and the cellular abundance of
mRNAs encoding these subunit proteins is an impor-
tant determinant of ENaC channel activity. Aldosterone
has been reported to increase moderately both aENaC
mRNA and protein levels but not b or cENaC mRNA
in the rat kidney [16, 17]. The glucocorticoid dexametha-
sone significantly increases aENaC mRNA in rat lung
tissue and human lung cells lines with a concomitant in-
crease in functional Na+ transport [18–20]. It has also
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been reported to increase aENaC mRNA levels in mouse
kidney explants [21]. In contrast to aldosterone and dex-
amethasone, chronic treatment of rats with vasopressin
did not affect aENaC mRNA levels but substantially in-
creased expression of b and cENaC subunit mRNA pro-
tein and Na+ transport in the renal collecting duct [22].
Recently, estrogen and progesterone have been shown
to modulate the mRNA and functional expression of
ENaC subunits in the rat lung [23]. They also affect
fluid balance, neurohypophysial hormone concentrations
and the magnitude of changes in electrolyte excretion in
response to neurohypophysial hormone administration
[24]. It has been reported that renal Na+ handling changes
in rats during the estrous cycle [25] and during pregnancy
[26]. Furthermore, differences in renal Na+ handling have
been described between men and women, particularly
during the luteal phase of the female menstrual cycle and
it has been suggested that ovarian steroids may act to
promote Na+ and water retention in the body [27–29].
Therefore, we hypothesised that estrogen and/or proges-
terone also modulate ENaC mRNA expression levels in
the kidney. To address this, we have examined the mRNA
abundance of the three ENaC subunits in whole kidneys
of developing rats from newborn to 16 weeks of age, with
sexual maturity being reached by 10 weeks of age. In
parallel, we have investigated the effect of ovariectomy
and examined the effect of female sex hormone replace-
ment (17-b-estradiol benzoate and progesterone) on the
expression of ENaC subunit mRNAs in the female rat
kidney.
METHODS
Ovariectomy and hormone administration
Female Wistar rats (12 weeks) were anesthetised with
halothane (3% in O2) and ovariectomy was performed
as previously described. After a 2-week recovery period,
ovariectomized rats were subjected to treatment with
hormones or vehicle control. Ovariectomized rats (av-
erage weight 300 g) were given subcutaneous injection of
17-b-estradiol benzoate (estrogen) (Sigma, Poole, UK)
at 10 lg per rat or progesterone at 1 mg per rat (Sigma)
or a combined injection containing both hormones. Both
hormones were dissolved in corn oil and control animals
were injected with corn oil alone. Animals were killed
by cervical dislocation or decapitation at 8 or 24 hours
after treatment and kidneys removed for preparation of
RNA. Levels of cortisol, aldosterone and arginine vaso-
pressin (AVP) (which can all modulate ENaC expres-
sion) are known to be subject to diurnal rhythms [30,
31]. Therefore, to exclude any effect from the diurnal
fluctuation of these hormones in our study, estrogen and
progesterone treated animals were compared directly to
control ovariectomized animals and male rats at each of
these time points. For the developmental study, male and
female rats were killed (as above) immediately after birth
or at 10 or 16 weeks of age and kidneys removed for anal-
ysis. All procedures were carried out in accordance with
current United Kingdom legislation.
Northern blot analysis
Frozen kidney tissue samples were transferred di-
rectly to TRI reagent (Genetic Research Instrumenta-
tion, Braintree, UK). RNA was prepared according to
the manufacturer’s instructions. Total RNA was resus-
pended in RNase free H2O and quantified by analysis
of optical density (OD) at 260k by ultraviolet spec-
trophotometry. For the Northern analysis, 20 lg of total
RNA was denatured in formamide (50%), formaldehyde
(2.2 mol/L), in 3-[N-morpholino] propane sulfonic acid
(MOPS) buffer [0.2 mol/L MOPS, pH 7.0, 50 mmol/L
CH3COONa, 5 mmol/L ethylenediaminetetraacetic acid
(EDTA)] for 15 minutes at 65◦C and cooled rapidly on
ice. Samples were loaded onto formaldehyde gels (1.0%
agarose, 2.2 mol/L formaldehyde in MOPS buffer), elec-
trophoresed in MOPS buffer at 1 V cm−1 for 3 to 4 hours,
then transferred to a nylon membrane (Amersham Bio-
sciences, Bucks, UK) by an electrophoretic transfer sys-
tem (Amersham) and cross-linked with an ultraviolet
cross-linker (UVP, Upland, CA, USA).
Rat-specific a, b , and cENaC probes were prepared
by reverse transcription-polymerase chain reaction (RT-
PCR) from rat lung RNA using standard protocols and
primers designed from rat sequences. The sense and anti-
sense primers correspond to bases 1059–1079 and 1802–
1822 of rat aENaC (Genbank accession no. X70497),
880–900 and 1232–1252 of rat bENaC (Genbank acces-
sion no. X77932) and rat cENaC (Genbank accession no.
X77933). The sequences PCR products were then ligated
into pGEM-T easy vector (Promega, Hamps, UK). An
18S oligonucleotide probe was used to correct for any
loading variance between samples.
The aENaC cDNA in pGEM-T easy vector was am-
plified by PCR. The resulting PCR product was la-
beled with a-[32P] deoxycytidimine triphosphate (dCTP)
by random priming with “Ready-to-Go” labeling beads
(Amersham). Membranes were prehybridized at 42◦C
for 30 minutess in Ultrahyb (Ambion, Abingdon, UK).
Hybridizations were carried out overnight at 42◦C. The
blots were then washed to high stringency in 0.05 × stan-
dard sodium citrate (SSC) + 0.1% sodium dodecyl sul-
fate (SDS) at 42◦C. The b and cENaC cDNA templates
in pGEM-T easy vector (Promega) were linearised by
restriction digestion with SacI and NcoI, respectively.
Antisense riboprobes incorporating a-[32P] CTP were
generated from the linearised vectors using T7 RNA
polymerase and SP6 polymerase, respectively. The 18S
deoxyoligonucleotide probe terminal phosphate was re-
placed with 32P-c adenosine triphospate (ATP) us-
ing polynucleotide kinase (Promega). Prehybridization,
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hybridization and washes were carried out as described
above but at a higher temperature of 68◦C for these
probes.
All blots were imaged on a wire proportional counter
(Packard Instant Imager, Perkin-Elmer, Bucks, UK). Af-
ter hybridization and analysis of Northern blots with ei-
ther aENaC or bENaC or cENaC probes, filters were
stripped in boiling 0.1% SDS and allowed to cool to
room temperature. Complete removal of labeled probes
from the blots was confirmed using the wire propor-
tional counter prior to reprobing with 18S. No blot was
probed more than three times. The intensity (propor-
tional to mRNA abundance) of ENaC subunit mRNA
and 18S ribosomal RNA bands imaged on the Northern
blots was quantified by measuring the amount of emitted
radioactivity.
Data presentation and statistical analysis
Prior to statistical analysis samples were corrected for
loading by normalizing to 18S ribosomal RNA. To correct
for interblot variation due to differences in hybridiza-
tion conditions and specific activity of the probes a qual-
ity control was included on each membrane. Data are
expressed as percentage control and all results are pre-
sented as mean±SEM. Where appropriate, data were an-
alyzed by unpaired t test. Where more complex variables
were included, data were analyzed by one-way analysis
of variance (ANOVA) in Genstat Edition 6 (Release 6.1,
Lawes Agricultural Trust, Rothamsted, Herts, UK). All
pairwise comparisons were tested using Fisher’s unpro-
tected least significant difference test. To compare treat-
ments, the t-statistic was calculated from the ANOVA
output. Significance was assumed at P < 0.05.
RESULTS
Development
Immediately after birth, there was no significant differ-
ence in mRNA abundance of any of the ENaC subunits in
the kidneys of male and female rats (Fig. 1A to C). How-
ever, by 10 weeks of age there were significantly higher
levels of a, b , and cENaC mRNA in female compared
to male kidneys (P = 0.001, N = 10; P = 0.004, N =
10; and P = 0.02, N = 10, respectively) (Fig. 1D to F). At
16 weeks, a, b , and cENaC mRNA levels remained signif-
icantly higher in females compared to males (P = 0.004,
N = 10; P = 0.004, N = 10; and P < 0.002, N = 10) and
the difference was more pronounced (Fig. 1G to I).
Ovariectomy
Following ovariectomy, levels of a, b , and cENaC in the
kidneys were not significantly different between females
and males (P = 0.9, N = 6; P = 0.2, N = 6; and P = 0.8,
N = 6) (Fig. 2).
Estrogen and progesterone
Replacing estrogen (10 lg per rat) in ovariectomized
females significantly increased kidney aENaC mRNA
levels compared to male and untreated ovariectomized
rats 8 hours after injection (P < 0.05, N = 6; and P <
0.05, N = 6, respectively), (Fig. 3A). Progesterone inhib-
ited this stimulation (Fig. 3A). Twenty-four hours after
injection, levels were still significantly increased in ani-
mals injected with estrogen alone and progesterone did
not inhibit this rise (Fig. 3A).
In contrast to aENaC, neither estrogen, progesterone,
or combined treatment of ovariectomized rats had any
significant effect on bENaC mRNA levels after 8 hours
or 24 hours (N = 7) (Fig. 3B).
Replacing estrogen had no effect on cENaC levels
in the kidneys of ovariectomized rats after 8 hours or
24 hours. Combined treatment of estrogen and proges-
terone also had no effect. However, progesterone alone
significantly increased cENaC mRNA levels compared to
untreated ovariectomized animals at 24 hours (P < 0.05,
N = 3) but did not quite reach significance at 8 hours
(P = 0.057, N = 3) (Fig. 4).
DISCUSSION
In this paper, we have shown that the mRNA levels of
ENaC subunits in the female rat kidney are higher than
in the male. This difference is not evident at birth but
becomes apparent during development (up to 16 weeks)
suggesting that hormones associated with gender and sex-
ual maturity are involved. In support of this, ovariectomy
abolishes the differences between the sexes. Such a phe-
nomenon has been described in other tissues, such as the
lung, where female ovarian hormones were shown to up-
regulate a and cENaC subunits as well as the cystic fibro-
sis transmembrane regulator (CFTR) mRNA level [23].
Importantly, our data also indicate that steroid hormones
regulate the three subunits differently.
Estrogen increased aENaC mRNA levels and proges-
terone, when administered in combination, appeared to
inhibit this effect. In contrast, progesterone had no ef-
fect when administered alone on a and bENaC mRNA
levels but increased cENaC mRNA. Increases in aENaC
mRNA levels induced by estrogen and antagonized by
progesterone have not, to our knowledge, been previ-
ously described. However, there is a precedent for such
an effect. In guinea pig endometrial epithelial cells, CFTR
mRNA levels were also increased by estrogen and de-
creased by estrogen plus progesterone [32]. Our findings
contrast with those described in lung, where only a com-
bined treatment of estrogen and progesterone, but nei-
ther hormone alone, increased aENaC and interestingly,
CFTR mRNA levels [23]. This disparity most likely re-
flects differential responses to steroids between tissues.
For example, corticosteroids have little effect in the distal
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Fig. 2. Amiloride-sensitive epithelial sodium channel (ENaC) subunit mRNA abundance after ovariectomy. The graphs show mRNA abundance
(as % control) (see Methods section) for aENaC (A), bENaC (B), and cENaC (C) in male (M) and ovariectomized (OVX) female rats. The
graphs represent data from six samples. There was no significant difference in mRNA abundance of the ENaC subunits in ovariectomized female
compared to male rats. Above each graph is a representative Northern blot of the ENaC subunit mRNA product together with the corresponding
18S ribosomal RNA bands from the same sample.
colon, but consistently up-regulate aENaC mRNA lev-
els in kidney and lung [17, 21, 33]. Glucocorticoids elicit
more pronounced effects in the lung than in the kidney,
where mineralocorticoid responses prevail [34].
It is also possible that differences in methodology be-
tween the studies could account for the contrasting find-
ings. We injected 17-b-estradiol benzoate, which is less
easily metabolized and thus physiologically active for a
longer period time than the 17-b-estradiol used in the
lung study. In our study progesterone and estrogen were
injected at a ratio of 100:1. This ratio has been widely
used in the study of steroid regulation of gonadotrophin
release and female sexual behavior [35] and is closer to
the ratios determined in humans (females in the follicular
phase show ratios of ∼37:1 rising to ∼150:1 in luteal phase
of the menstrual cycle) [29]. While the profile of hormone
levels may change as the hormones diffuse out of the oil, it
is possible that the higher ratios used by Sweezy et al [23]
of 250:1 or greater (progesterone:estrogen) suspended in
saline could induce a different response.
Levels of bENaC mRNA were higher in females com-
pared to males in both kidney and lung [23]. However,
although ovariectomy abolished these differences in the
←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Fig. 1. Amiloride-sensitive epithelial sodium channel (ENaC) subunit mRNA abundance during development. The graphs show mRNA abundance
(as% control) (see Methods section) for aENaC (A, D, and G), bENaC (B, E, and H), and cENaC (C, F, and I) in male (M) and female (F) rat
kidney at birth (A to C), 10 weeks (D to F) and 16 weeks of age (G to I). The graphs represent data from ten samples. mRNA abundance of all ENaC
subunits was significantly higher in female compared to male rats at 10 and 16 weeks. ∗P < 0.05; ∗∗P < 0.01. Above each graph is a representative
Northern blot of the ENaC subunit mRNA product together with the corresponding 18S ribosomal RNA bands from the same sample.
kidney, neither estrogen nor progesterone nor a combina-
tion of the hormones had any significant effect on mRNA
expression over the time course studied. It is possible that
the regulation of this subunit may involve other (possibly
female-derived) factors.
Interestingly, we found that cENaC mRNA levels
were increased by progesterone alone but not by com-
bined treatment of progesterone and estrogen (100:1).
Such an effect has not previously been described. In the
lung, cENaC mRNA levels were elevated only when
estrogen was present with a 500:1 or greater excess
of progesterone, which may relate to the differences
in ratio effects described above. These results are in-
triguing as progesterone is a mineralocorticoid antag-
onist. However, the kidney has been described as a
progesterone-metabolizing and androgen-producing or-
gan [36]. While some metabolites of progesterone re-
tain antagonist properties, others can act as agonists (e.g.,
11-b-hydroxyprogesterone stimulated Na+ absorption in
mouse mpk CCD cells) [37]. Furthermore, progesterone
has been reported to inhibit renal 11-b-hydroxysteroid
dehydrogenase type 2 thus allowing steroids, such as cor-
tisol, access to the mineralocorticoid receptor [38].
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Fig. 3. a and b amiloride-sensitive epithe-
lial sodium channel (ENaC) subunit mRNA
abundance after treatment with female go-
nadal hormones. The graphs show mRNA
abundance (as % control) (see Methods sec-
tion) for aENaC (A) and bENaC (B) in
ovariectomized female rats treated with vehi-
cle (OVX), estrogen (O), or estrogen + pro-
gesterone (O + P) for 8 hours and 24 hours.
The graphs represent data from six to seven
samples. Treatment with estrogen significantly
increased aENaC mRNA abundance at both
time points. ∗P < 0.05. There was no sig-
nificant effect of any treatment on bENaC
mRNA abundance. Above each graph is a rep-
resentative Northern blot of the ENaC sub-
unit mRNA product at 24 hours, together with
the corresponding 18S ribosomal RNA bands
from the same sample.
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Fig. 4. c amiloride-sensitive epithelial sodium
channel (ENaC) subunit mRNA abundance
after treatment with female gonadal hor-
mones. The graph shows mRNA abundance
(as% control) (see Methods section) for
cENaC in ovariectomized female rats treated
with vehicle (OVX), estrogen (O), or estro-
gen + progesterone (O + P) or progesterone
(P) for 8 hours and 24 hours. The graph rep-
resents data from three to seven samples.
Treatment with progesterone significantly in-
creased cENaC mRNA abundance compared
to untreated ovariectomized animals at 24
hours but did not quite reach significance at
8 hours. ∗P < 0.05. Above the graph is a rep-
resentative Northern blot of the ENaC sub-
unit mRNA product at 24 hours, together with
the corresponding 18S ribosomal RNA bands
from the same sample.
The full significance of changes in cellular ENaC
subunit mRNA levels is still poorly understood. It is
generally accepted that the a subunit can form a Na+
conducting channel alone whereas the b and c subunits
augment channel conduction [15]. Furthermore, altering
the relative levels of a, b , and c subunit mRNA available
in the cell can lead to channels of different regulatory
characteristics being produced [39, 40]. These include dif-
ferences in ion selectivity, conductance, amiloride sensi-
tivity, and regulation. Certainly, raised aENaC mRNA
levels in lung epithelial cells after treatment with either
estrogen and progesterone or dexamethasone were asso-
ciated with increased channel function and Na+ transport
[19, 20, 23]. Thus, the estrogen and progesterone induced
changes in a and cENaC mRNA levels we describe in
the rat kidney could lead to functional changes in Na+
transport.
The differences in renal Na+ handling in females during
the menstrual cycle and pregnancy have been proposed
to lead to the peripheral edema and weight gain in the
luteal phase of the menstrual cycle and to be important
in the process of plasma expansion during pregnancy [27,
29]. It has also been reported that there are differences
in Na+ handling during the estrous cycle in rats [25]. Es-
trogen has been shown to increase Na+ uptake in distal
tubules from the rabbit kidney in vitro [41], induce renal
Na+ retention in dogs [42], and enhance the Na+ retain-
ing effects of vasopressin and oxytocin in ovariectomized
rats [24]. As ENaC is the primary route for Na+ absorp-
tion in the mammalian distal nephron we speculate that
the changes in ENaC mRNA we describe in response
to female gonadal steroids underlie these differences in
renal Na+ handling. We recognize that estrogen and pro-
gesterone can also modify the activity of other renal hor-
mones [24, 43, 44]. Thus, further work will be required to
fully elucidate the effect of female sex hormones on ex-
pression of ENaC subunit mRNA, protein and function
of amiloride-sensitive Na+ channels in the kidney.
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